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In the past few years, developments in anion exchange membranes (AEMs) have led to a significant increase in
hydroxide conductivities, ultimately yielding striking improvements in the performance of anion exchange
membrane fuel cells (AEMFCs) at low operating temperatures, usually at 40–80 C. Aside from these remarkable
achievements, the literature is void of any work on AEMFCs operated at temperatures above 100 C, despite the
consensus from various models remarking that working at higher cell temperatures may lead to many significant
advantages. In this work, we present the first high-temperature AEMFC (HT-AEMFC) tested at 110 C. The HT-
AEMFC exhibits high performance, with a peak power density of 2.1W cm2 and a current density of as high
as 574mA cm2 measured at 0.8 V. This initial work represents a significant landmark for the research and
development of the fuel cell technology, opening a wide door for a new field of research we call hereafter, HT-
AEMFCs.1. Introduction
High-temperature proton-exchange membrane fuel cells (HT-
PEMFCs) operating above 100 C have been a significant topic of
research over the past two decades [1–3]. The main reason for the in-
terest in operating PEMFCs at higher temperatures is to simplify the
water management system [3,4]. Additional benefits include [3,5,6] (i)
increased electrochemical reaction kinetics resulting in reduced over-
potentials, (ii) reduction of the sensitivity of platinum catalyst to fuel
impurities, (iii) better ability to cool the cells due to the increased tem-
perature differential between the high operating temperature and
ambient temperature, (iv) improved capability to utilize the waste heat,
and (v) the likelihood to integrate more abundant, cost-effective plat-
inum group metal (PGM)-free electrocatalysts into the cell. In their
critical 2019 review, Sun et al. [4] reported on membranes used for
high-temperature systems. Nafion-based membranes are widely used [7,
8] as well as acid-doped polybenzimidazole-based membranes [9], as
they show high conductivity and in-situ PEMFC power density values at
temperatures higher than 100 C. All these studies, however, are exclu-
sively based on proton conducting membranes for acidic PEMFCs.
Attention to anion-exchange membrane fuel cells (AEMFCs) has
significantly increased in recent years, thanks to the numerous advantages
this technology offers [10–12]. These include, but are not limited to, thet of Chemical Engineering, Techn
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[13–19] and a wider range of low-cost polymers for use asmembranes [11,
20,21]. However, the cell temperature used in AEMFCs is usually low. In
the recent review of cell performance in AEMFCs, Dekel [12] drew
attention to the fact that most of the published performance and stability
results were done at cell temperatures lower than 60 C. Furthermore, it
was imperative to the success of the field to achieve improved stabilities of
membranes and ionomeric materials at higher temperatures (80–95 C).
As of this writing, to the best of our knowledge, there have been only a
very few publications in the literature where H2-AEMFCs have been
operated at 80 C [22-32] and one which was operated at 95 C [33].
There are no reports of AEMFC performance operated at temperatures
higher than 100 C. In this study, we present the performance of an AEMFC
operated at 110 C. To the best of our knowledge, this is the first-ever
AEMFC operated at such a high temperature. The AEMFC shows
outstanding performance and very good stability.
2. Experimental
2.1. Materials
Carbon Black (Vulcan XC 72) was purchased from Cabot Corporation.
PtRu/C catalyst (40% Pt and 20% Ru on carbon black, HiSPEC® 10000)ion – Israel Institute of Technology, Haifa, 3200003, Israel.
020
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Fig. 1. “True” hydroxide conductivity (4-probe) of the LDPE-BTMA AEM,
measured at 40 and 110 C. Conditions: 0.1mA direct current, under nitrogen
flow at 95% relative humidity.
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chased from Alfa Aesar. A radiation-grafted anion-exchange membrane
(AEM) containing covalently-bonded benzyltrimethylammonium
(BTMA) head-groups (ion-exchange capacity of 2.49 0.12mmol g1
and 55 μm hydrated thickness), fabricated from 25 μm thick low-density
polyethylene (LDPE) [34], was obtained from Professor John Varcoe's
group at the University of Surrey (UK). The AEM is designated
LDPE-BTMA from hereon. Anion-exchange ionomer (AEI), Fumion®
anion exchange resin, was supplied by Fumatech BWT GmbH (Germany).
Toray carbon paper, TGP-H-060 with 5 wt% PTFE wet-proofing was
purchased from FuelCellStore.
2.2. Anion conductivity at high temperature
To measure the true OH conductivity of the AEM at the relevant
temperature, the protocol recently described in Ziv and Dekel's work was
used [35]. In brief, the AEM in its bicarbonate form was located into a
four-probe electrode (MTS 740, Scribner Associates Inc.) for measuring
the anion conductivity. The bicarbonate conductivity was first measured
for a few hours to ensure the stabilization of the membrane in the tem-
perature and humidity atmosphere. Through the external electrodes, a
constant direct current of 0.1mA was then applied to the membrane
under N2 flow at 40 C and relative humidity (RH) of 95%. The anion
conductivity was continuously measured until conductivity reached a
stable value (<0.1 KΩ change in resistance over 3 h). This stable value is
taken as the “true hydroxide conductivity”. After reaching the true hy-
droxide conductivity value at 40 C, the temperature was rapidly
increased to 110 C, while a constant N2 flow at a pressure of 2 bar was
used. The true hydroxide conductivity was then continuously monitored
to test the AEM stability at 110 C.
2.3. Membrane electrode assembly fabrication
The gas diffusion electrode method was employed to prepare the
anode and cathode electrodes for AEMFC testing, following the general
procedures we previously reported elsewhere [36,37]. In brief, for the
anode, 12mg of PtRu/C catalyst was combined with 5mg of AEI, and
6mg of Vulcan XC 72 carbon and ground with a mortar and pestle.
Carbon was added to increase the pore volume and avoid flooding.
One-part of deionized water and nine-parts of isopropanol were added to
the mixture and further ground to create a slurry. For the cathode, Pt/C
catalyst was prepared in a similar manner to the anode, but without the
addition of Carbon Black. Gas diffusion layers were cut for the anode and
cathode, to active area size of 5 cm2. After ultra-sonicating the inks at
180W, 37 kHz for 1 h in a Elmasonic P 60H ultrasonic bath filled with
water and ice to keep the temperature below 10 C, they were sprayed
directly onto the gas diffusion layers with an Iwata HP-TH professional
airbrush. The anode and cathode were loaded to 0.7 0.05 mgPtRu cm2
and 0.7 0.05 mgPt cm2, respectively.
The electrodes along with a 12.25 cm2 piece of the LDPE-BTMA AEM
were immersed in aqueous 1M KOH solution for 1 h, with solution
changes every 20min, to convert to hydroxide form. The AEMFC was
then assembled in-situ between two 5 cm2 single-serpentine graphite
bipolar flow field plates and pressed using a 4.5 Nm torque.
2.4. Anion-exchange membrane fuel cell testing
The AEMFC was tested in an 850E Scribner Associates Fuel Cell test
station. The cell temperature was first heated up while flowing N2 at 0.5
slpm and allowed to stabilize at 60 C, then fed with pure humidified H2
and O2 reactant gases at flow rates of 1 slpmwithout back-pressurization.
The cell voltage was decreased to 0.4 V at which point the anode and
cathode dewpoints were optimized until a stable, maximum current
density of 4 A cm2 was obtained. Then, the cell temperature and dew-
points were increased to 110 C and backpressures increased to 1.5 barg
on both electrodes to obtain a maximum current density of 6 A cm2 at20.4 V. A polarization curve of the AEMFC was recorded at a scan rate of
5mV s1 (fast test to capture beginning-of-life performance to mitigate
against any degradation-related power loss). Immediately after this, the
cell was subjected to stability testing at the same operating conditions
and under a constant load of 0.2 A cm2.
3. Results and discussion
3.1. High-temperature hydroxide conductivity
The true hydroxide conductivity [35,38] of the LDPE-BTMA AEMwas
measured at 40 and 110 C. As seen in Fig. 1, at 40 C the true hydroxide
conductivity reaches a very high value of 130mS cm1. This high con-
ductivity is consistent with values previously reported [34,38]. However,
it is well known that the hydroxide conductivity increases with the
temperature [25,39-41], therefore we decided to increase the tempera-
ture to above 100 C andmeasure the true hydroxide conductivity. As can
be seen in Fig. 1, at the high temperature of 110 C, the AEM reaches an
outstanding high hydroxide conductivity value of 290mS cm1. To the
best of our knowledge, this is the highest hydroxide conductivity ever
reported for an AEM. Although at this temperature the reading tends to
be slightly noisy (similar to that measured in previous reports [25,38]),
the AEM shows noteworthy stability at this temperature, as shown by the
steady true hydroxide conductivity measured for more than 24 h during
the test time (Fig. 1, in blue).3.2. In-situ high-temperature AEMFC tests
The AEM cell assembly was tested at 110 C. Fig. 2 shows the
resulting polarization curve. As can be seen, the cell reached a high
performance with a peak power density of 2.1W cm2 measured at
0.51 V. The kinetic region of the AEMFC displays a very high catalytic
performance, exhibiting an open circuit voltage (OCV) of 1.02 V and a
current density of as high as 574mA cm2 at 0.8 V (see insert in Fig. 2).
This is significantly higher than the values reported in the literature for
the well-studied acidic HT-PEMFCs [42-47]. For instance, OCV values of
0.95–0.96 V and current densities (measured at 0.8 V) of
70–300mA cm2 were reported for acidic HT-PEMFC operated at
100–120 C [43,47]. The strong performance from the kinetic region
extended into the ohmic region of the fuel cell attributing to the high
voltage efficiency achieved in the AEMFC at this high operating tem-
perature. In the higher current density, mass transport region of the cell,
the performance is mostly dictated by minimizing mass-transport losses
by effectively managing the water within the cell. Also in this region the
cell performs very well, reaching a very high limiting current density of
6.1 A cm2 at ca. 0.2 V. The initial and final area-specific resistance (ASR)
Fig. 2. AEMFC polarization curve presenting power density, and area-specific
resistance (ASR) as a function of current density. The cell was operated at
110 C under H2/O2 flows of 1 slpm at 100% RH and 1.5 barg back-
pressurization on both anode and cathode. Insert: zoom-in of the dashed area.
Data collected at 5mV s1.
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0.036Ω cm2, respectively - see bottom of Fig. 2), are among the lowest
achieved for AEMFCs. These low values suggest that the water supply
across the AEM is enough to reduce the cell resistance, while supplying
high current densities at this extreme temperature of 110 C. All the
performance parameters discussed above seem to be significantly
improved at this high temperature, as can be seen in Fig. S1, while
comparing the cell performance operated at “conventional” lower tem-
peratures of 60 and 80 C.
Following the acquisition of the AEMFC polarization data at 110 C, a
constant current density load of 0.2 A cm2 with the same gas flow rates,
dewpoint settings, and back-pressurization was applied to the cell. As
shown in Fig. 3, a relatively good voltage stability was observed over 50 h
of operation at this high temperature. It is worth noting that this excellent
performance of the AEMFC was obtained without any optimization, so
further improvement should be expected as catalyst loadings, ionomer to
catalyst ratios, type of catalysts, ionomers, AEMs and operating condi-
tions are further optimized. To show initial evidence of reproducibility, a
second cell was built in same way and tested at 110 C using the same
operating parameters. Results were compared in Fig. S2, which showsFig. 3. AEMFC in-situ stability operation at 110 C at a constant current density
load of 0.2 A cm2, under H2/O2 flows of 1 slpm at 100% RH and 1.5 barg back-
pressurization on both anode and cathode.
3that similar performance and stability were obtained in both cells. The
outstanding performance and in-situ stability shown here for the first
time in the literature of AEMFCs operating above 100 C, creates an
opportunity for numerous additional advantages this technology may
offer at high temperatures.
We believe that this first, high-performing AEMFC at 110 C represents
a significant landmark in the testing and development of the AEMFC
technology. We envisage that this work will open a wide door for a new
field we can call “HT-AEMFCs”, with many new potential advantages
including but not limited to, increased tolerance of the catalysts to carbon
monoxide and carbon dioxide; the ability to operate the anode at reduced
humidification on account of the increased hydroxide conductivity in the
membrane, giving way to increased water generation and back-diffusion,
and increased electrocatalytic activity from PGM-free catalysts.
4. Conclusions
This first work on a high-temperature anion-exchange membrane fuel
cell (HT-AEMFC) represents an important advancement in the testing and
development of this technology. The anion-exchange membrane (AEM)
tested at 110 C exhibited a true hydroxide conductivity close to
300mS cm1, the highest hydroxide conductivity ever measured for an
AEM. Based on this membrane, a non-optimized AEMFC tested at 110 C
delivered a peak power density of 2.1W cm2 (measured at 0.51 V),
reaching a limiting current of above 6 A cm2. The cell boasted an
impressive current density of as high as 574mA cm2 measured at 0.8 V,
rivaling other AEMFCs reported in the literature. Furthermore, the AEMFC
retained 0.8 V performance after 50 h of operation at a constant current
density of 200mA cm2. For the first time, we have proven the viability of
operating AEMFCs at high temperatures and envision that it could initiate
a new field of research we would suggest to call HT-AEMFCs.Declaration of competing interest
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